Introduction
It is well known in particle physics that mixing between a neutral P 0 meson and its CPconjugate counterpartP 0 can arise, if both of them couple to a subset of virtual and (or) real intermediate states. Such mixing effects provide a mechanism whereby interference in the transition amplitudes of P 0 andP 0 mesons may occur, leading to the possibility of CP violation. Determining the magnitude of P 0 −P 0 mixing and probing possible CP -violating phenomena in the P 0 −P 0 system have been a challenging task for particle physicists. To date, 2) and is possible to be significant if the SU(3) symmetry is badly broken (e.g.,
D ∼ 10 −3 − 10 −2 [4] ). However, the dispersive approach [5] and the heavy quark effective theory [6] seem to favor a much smaller result for the long-distance contribution: The phenomenology of CP violation in the D 0 −D 0 system was first developed by Bigi and Sanda [7] , and further summarized by Bigi in ref. [8] . These works have outlined the main features of D 0 −D 0 mixing and CP asymmetries anticipated to appear in neutral D-meson decays, although many of their formulas and results are approximate or just for the illustrative purpose. The theoretical expectations on the magnitudes of various possible effects are also sketched in refs. [7, 8] .
Recent experimental progress, particularly in observing the doubly Cabibbo suppressed decay (DCSD) D 0 → K + π − [9] , constraining the D 0 −D 0 mixing rate [1, 2] and searching for the CP asymmetries in D decays to K + K − etc [10] , are quite encouraging. Further experimental efforts, based mainly on the high-luminosity fixed target facilities [11] , the forthcoming B-meson factories and the proposed τ -charm factories [12] , are underway to approach the above physical goals. In view of the large discovery potential associated with these experimental programs, a further study of the phenomenology of D 0 −D 0 mixing and CP violation in the charm system is no doubt necessary and important.
In this paper we shall on the one hand follow the pioneering work of Bigi and to both (l ± X ∓ , K ± π ∓ ) and (K ± π ∓ , K ± π ∓ ) states is analyzed in the presence of CP violation and final-state interactions. We take a look at two types of CP -forbidden decays at the ψ(3.77)
and ψ(4.14) resonances. Finally the possibility to test the ∆Q = ∆C rule and CP T symmetry in the D 0 −D 0 system is briefly discussed.
This work is organized as follows. In section 2 we derive the generic formulas for coherent and incoherent D 0D0 decays, and then make some analytical approximations for them. Sections 3, 4, 5 and 6 are devoted to D 0 −D 0 mixing and CP violation in neutral D decays to the semileptonic states, the hadronic CP eigenstates, the hadronic non-CP eigenstates and the CP -forbidden states respectively, where some distinctive approaches or examples are discussed for determining x D and y D or probing possible CP -violating effects. We summarize our main results in section 7 with some comments on tests of the ∆Q = ∆C rule and CP T symmetry.
Fundamental Formulas
We 
A. Preliminaries
In the assumption of CP T invariance, the mass eigenstates of D 0 andD 0 mesons can be written as
in which the subscripts "L" and "H" stand for Light and Heavy respectively, and (p, q) are complex mixing parameters. Sometimes it is more convenient to use the notation
where φ is a real CP -violating phase in D 0 −D 0 mixing. With the help of the conventions CP |D 0 = |D 0 and CP |D 0 = |D 0 , the relations between the CP eigenstates
and the mass eigenstates |D L , |D H turn out to be
The proper-time evolution of an initially (t = 0) pure D 0 orD 0 is given as
where
Here m L(H) and Γ L(H) are the mass and width of D L(H) respectively. Note that the above definitions guarantee ∆m ≥ 0 and ∆Γ ≥ 0 in most cases. Practically, it is more popular to use the following two dimensionless parameters for describing D 0 −D 0 mixing:
Certainly both x D and y D in most cases are positive (or vanishing).
B. Rates for incoherent D decays
The transition amplitude of a neutral D meson decaying to a semileptonic or nonleptonic state f can be obtained from eq. (2.5) as follows: 9) where
For convenience, we also define the ratio of these two amplitudes:
Then the time-dependent probabilities of such decay events are expressed as
To obtain the time-independent decay rates, we integrate eq. (2.11) over t ∈ [0, ∞) and get
Eqs. (2.11) and (2.14) are the master formulas for incoherent D decays.
Following the same way one can calculate the decay rates of D 0 phys andD 0 phys tof, the CP -conjugate state of f . To express the relevant formulas in analogy of eqs. (2.11) and (2.14),
phys →f ) can be written out in terms ofĀf andλf . If f is a CP eigenstate (i.e., |f ≡ CP |f = ±|f ), then we get
C. Rates for coherent D decays
For a coherent D 0 physD 0 phys pair at rest, its time-dependent wave function can be written as 1 16) where K is the three-momentum vector of the D mesons, and C = ± denotes the chargeconjugation parity of this coherent system. The formulas for the time evolution of D 0 phys and D 0 phys mesons have been given in eq. (2.5). Here we consider the case that one of the two D mesons (with momentum K) decays to a final state f 1 at proper time t 1 and the other (with −K) to f 2 at t 2 . f 1 and f 2 may be either hadronic or semileptonic states. The amplitude of such a joint decay mode is given by 17) where A f i ≡ f i |H|D 0 (with i = 1, 2), and
Here the definition of λ f 1 and λ f 2 is similar to that of λ f in eq. (2.10). After a lengthy calculation [13] , we obtain the time-dependent decay rate as follows:
has been defined.
The time-independent decay rate is obtainable from eq. (2.19) after the integration of R(f 1 , t 1 ; f 2 , t 2 ) C over t 1 ∈ [0, ∞) and t 2 ∈ [0, ∞):
We see that two interference terms Re(ξ * C ζ C ) and Im(ξ * C ζ C ) disappear in the case of C = −1, independent of the final states f 1 and f 2 .
In a similar way, one can calculate the joint decay rates of (D 0 physD 0 phys ) C to (f 1f2 ), (f 1 f 2 ) or (f 1f2 ), wheref 1 andf 2 are CP -conjugate states of f 1 and f 2 respectively.
D. Analytical approximations
In the standard model, the magnitudes of x D and y D are expected to be very small, at most of the order 10 −2 (see, e.g., refs. [4, 5, 6] 
Similarly we obtain the approximate decay rates for D 0 phys (t) →f andD 0 phys (t) →f :
The time-independent rates for these four processes turn out to be
and It is common knowledge that the decay-time distributions of coherent (D 0 physD 0 phys ) C pairs cannot be measured at a symmetric e + e − collider [14] . Since the presently-proposed τ -charm factories are all based on symmetric e + e − colisions, it is more practical to study the timeintegrated decays of (D 
By use of eq. (2.14), we find
2)
To fit more accurate data in the near future, we prefer the following mixing parameter:
with w = (|q/p| 2 + |p/q| 2 )/2. For |q/p| − 1 ∼ ±1%, the value of w deviates less than 0.1% from unity. Thus this overall factor of r D is safely negligible. In the approximation of x D ≪ 1 and
The latest E691 data [2] give r ≈r ≈ r D < 0.37% for small x D and y D , where |q/p| ≈ |p/q| ≈ 1, a worse approximation than w ≈ 1, has been used.
The CP asymmetry between a semileptonic decay mode and its CP -conjugate counterpart is defined as
Straightforwardly, we get
If ∆ D is at the level of 10 −3 or so, it can be measured to three standard deviations with about 
where σ l measures the ∆Q = −∆C transition amplitude. With the help of eq. (2.14) and
we obtain
and
For small |σ l | (e.g., |σ l | ∼ x D or y D ), the original mixing parameters r andr take the following forms:
As a consequence, 
is necessary in order to pin down possible new physics in the charm sector.
The magnitudes of CP asymmetries ∆ D and∆ D might be affected by the ∆Q = −∆C transitions too. In the approximation of |σ l | ≪ 1 and r D ≪ 1, we find that∆ D becomes to the difficulty in dealing with the long-distance interactions [4, 5, 6] . Hence a separate determination of these two mixing parameters from direct measurements is very necessary [15, 16] . Here we propose a time-independent method to probe the relative size of x D and y D in the dilepton events of coherent D 0 physD 0 phys decays at the ψ(4.14) resonance. In our calculations both CP T invariance and the ∆Q = ∆C rule are assumed to hold exactly.
For a τ -charm factory running at the ψ(4.14) resonance, the coherent D 0D0 events can be produced through ψ(4.14) By use of eq. (2.21), we obtain
where N C is the normalization factor proportional to the rates of semileptonic D 0 andD 0 decays. It is easy to check that the relation
holds stringently, and it is independent of the magnitudes of D 0 −D 0 mixing and CP violation.
Of course a coherent D 0D0 pair with C = − can be straightforwardly produced from the decay of the ψ(3.77) resonance. Its time-independent decay rates to the like-sign and oppositesign dileptons obey eq. (3.14) too. At a τ -charm factory the (D 0D0 ) C=− decays at both the ψ(3.77) and ψ(4.14) resonances will be measured, and a combination of them might increase the sensitiveness of our approach to probing
Usually one is interested in the following two types of observables:
which signify nonvanishing CP violation and D 0 −D 0 mixing, respectively. Explicitly, we find
If a − or a + is of the order 10 −3 , it can be measured to three standard deviations at the secondround experiments of a τ -charm factory with about 10 7 like-sign dileptons (or equivalently, about 10 10 D 0D0 events). Furthermore, 18) where
One can see that r − = r D holds without any approximation. For small x D and y D , we have
These two approximate results have well been known in the literature (see, e.g., refs. [7, 8] ).
In such an approximation, however, the relative size of x 
Here it is worth emphasizing that w as the overall (and common) factor of r D , r − and r + can be safely neglected. In the approximations up to O(r 2 − ) and O(r 2 + ), we obtain two simpler relations:
Thus it is crucial to examine the deviation of the ratio r + /r − from 3, in order to find the difference between x 2 D and y 2 D . Instructively, we consider three special cases [16] :
These relations can be directly derived from eq. In the assumption of a dedicated accelerator running for one year at an average luminosity of 10 33 s −1 cm −2 , about 10 7 events of γ(D 0D0 ) C=+ and the similar number of π 0 (D 0D0 ) C=− are expected to be produced at the ψ(4.14) resonance [12] . The precision of 10 −4 to 10 −5 in measurements of r − and r + is achievable if one assumes zero background and enough running time [12, 17] , and then the similar precision can be obtained for the ratio r + /r − without much more experimental effort (see eq. 
Neutral D decays to CP eigenstates
Neutral D-meson decays to hadronic CP eigenstates f (i.e., |f ≡ CP |f = ±|f ), such as f = π + π − and K S π 0 , are of particular interest for the study of CP violation in the charm sector. The formulas for their decay rates derived in section 2 can be simplified because of the relationsĀf = ±Ā f , Af = ±A f ,ρf = 1/ρ f andλf = 1/λ f . If one takes |q/p| = 1 in some cases, thenλf = λ * f is obtainable [18] .
A. Three sources of CP violation
In the experimental analyses of incoherent D decays, the combined time-dependent rates
are commonly used. For convenience in expressing our analytical results, we first define
which satisfy a concise sum rule
With the help of eq. (2.11), we obtain
To properly describe the signal of direct CP violation in neutral D decays, we further define
By use of eq. (2.10), we obtain the relation between T f and U f :
It is clear that∆ D , T f and V f measure the CP asymmetry in D 0 −D 0 mixing, the direct CP asymmetry in the transition amplitudes of D decays, and the indirect CP asymmetry arising from the interplay of decay and D 0 −D 0 mixing, respectively. These sources of CP -violating effects appear in R ± (t) simultaneously, but they have different time distributions and can in principle be distinguished from one another [19] . The magnitudes of∆ D , T f and V f are expected to be very small (e.g., at the percent level in some extensions of the standard electroweak model [20] ). In contrast, the CP -conserving quantity W f should be of O(1). Thus the cos(x D Γt) and sin(x D Γt) terms are considerably suppressed in R + (t). This interesting feature implies that the mixing parameter y D is possible to be constrained from the measurement of the flavor-untagged decay rate R + (t). We shall discuss this possibility for some neutral D-meson decays in the next subsection.
In lowest-order approximations, we keep only the leading terms of∆ D , T f and V f in R ± (t).
Then the CP -violating observable is given as
One can see that∆ D has little contribution to A(t), and the term T f is almost independent of the decay time t.
Integrating R ± (t) over t ∈ [0, ∞), we obtain the time-independent decay rates as follows:
where α has been given in section 3-A. The corresponding CP asymmetry turns out to be
in the leading-order approximation.
At the ψ(3.77) and ψ(4.14) resonances, the produced D 0D0 pair may exist in a coherent state until one of them decays. Hence we can use the semileptonic decay of one D meson to tag the flavor of the other meson decaying to a flavor-nonspecific CP eigenstate f . The timeintegrated rates of such joint decays can be read off from eq. (2.21). We are more interested in the following combinations of decay rates:
After some straightforward calculations, we obtain
where 14) and other quantities have been defined before. Keeping the leading terms of∆ D , T f and V f , we get the CP asymmetries for C = ± cases as follows:
Indeed, A − is exactly independent of the indirect CP -violating term V f . The asymmetry A + is mainly composed of two sources of CP violation. Comparing eq. (4.15) with eq. (4.11), one can see that there exists an interesting relation among three time-independent CP measurables:
This result should be testable in a variety of neutral D decays to CP eigenstates.
B. An approach to constrain y D and x D It has been pointed out that y D might be probed through measurements of the singly
them [15] . This idea can be straightforwardly understood from the combined decay rates R + (t) in eq. (4.4). Assuming CP invariance, i.e.,∆ D = T f = V f = 0 and W f = 1 (or W f = −1 for CP -odd final states), we find In The processes 18) where the complex parameter ǫ has been unambiguously measured (|ǫ| ≈ 2.27 × 10 −3 and
. Note again that we do not assume K S π 0 and K L π 0 to be the exact CP
eigenstates, although such an assumption is safely allowed by our main results presented later on. The overall decay amplitudes of
Here A K 0 π 0 etc can be factorized as follows: 20) where V us etc are the KM matrix elements, T 1 and T 2 stand for the real (positive) hadronic matrix elements, δ 1 and δ 2 are the corresponding strong phases. Denoting h ≡ T 2 /T 1 and δ ≡ δ 2 − δ 1 , we obtain
. Furthermore, h ≈ 1 is anticipated in the factorization approximation [24] . As a consequence,
hold to a good degree of accuracy. This result implies that the direct CP asymmetries in D
For simplicity, we shall use the notation q/p = |q/p| exp(i2φ 25) where X and Y are functions of x D and y D :
We can see that X and Y vanish in the absence of D 0 −D 0 mixing, and the contribution of x D to them is significantly suppressed by∆ D . Naively one might expect to measure the deviations of R fig. 3 by taking y D ≈ 0.08 and φ ≈ 0. We see that around Γt = 2 the difference between R
and R
can be as large as 5%, allowing us to extract a signal of D 0 −D 0 mixing provided that the accuracy of practical measurements is good enough.
The asymmetry between R
(t) can be given as 
with r D ≈ (x 5. We find that around Γt = 1 the magnitudes of the decay-rate differences between
it is possible to extract the rough size of Y ′ ≈ −x D sin(2φ). Clearly the measurements of 
C. Final-state interactions in D → KK
Recently the CLEO Collaboration has searched for CP violation in neutral D decays to the CP eigenstates K + K − , K S φ and K S π 0 . The confidence intervals (90%) on CP asymmetries in these three modes were found to be −0.020 < A KK < 0.180, −0.182 < A K S φ < 0.126 and −0.067 < A K S π 0 < 0.031, respectively [10] . Although a definite signal of CP violation was not established from the data above, the possibility that these decays may accommodate CP asymmetries at the percent level could not be ruled out. In the following we shall concentrate on the
, since they may affect the magnitudes of CP asymmetries significantly. The similar discussions can be extended to some other decay
We begin with an isospin analysis of
To do this, we assume that there is no mixture of D → KK with other channels. In the language of quark diagrams [26] , these modes can occur through both tree-level and penguin diagrams.
However, such a naive description is problematic due to the presence of final-state rescattering effects [27] . The final states KK may contain I = 1 and I = 0 isospin configurations, and the overall decay amplitudes of D → KK can be written as
where A 1 and A 0 are two isospin amplitudes. Clearly three decay amplitudes can form an isospin triangle in the complex plane: A +− + A 00 = A +0 . Since the branching ratios of D → KK have been measured, one is able to determine the relevant isospin amplitudes from the relations above. For our purpose, we are more interested in the ratio of two isospin amplitudes:
It is straightforward to obtain The isospin amplitudes A 1 and A 0 can be expanded in terms of the tree-level and penguin transition amplitudes [28] . Without loss of generality, we write 
Note that the weak phase difference |φ P − φ T | may be rather small within the standard model, but some sources of new physics (e.g., the existence of the fourth quark family or an iso-singlet up-type quark [29] ) can significantly enhance it through the breakdown of unitarity of the 3 × 3 KM matrix in the penguin loops [30] . The direct CP asymmetries in D 0 /D 0 → K + K − and K 0K 0 contain both I = 1 and I = 0 penguin contributions, and the latter can in principle be 3 Here we have neglected the contributions of tree-level annihilation diagrams to D 0 → K 0K 0 , which involve both V cs V * us and V cd V * ud . These two graph amplitudes are expected to have large cancellation with each other due to the GIM mechanism [27] .
distinguished from the former with the help of eq. (4.34) . In practical experiments, T K + K − and T K 0K 0 are cleanly detectable on the ψ(3.77) resonance (see eq. (4.15) for illustration).
If one wants to calculate the decay-rate asymmetries between
, then the CP violation induced by K 0 −K 0 mixing in the final states has to be taken into account.
It is also argued that inelastic final-state interactions may affect D → KK [27] . This kind of effect is possible to yield a nonvanishing rate asymmetry between the charged D decays to K +K 0 and K − K 0 , even though the penguin contributions are negligibly small. To justify the role of penguin transitions and inelastic final-state interactions, one has to rely on the future data on direct CP asymmetries in the decay modes under discussion.
Neutral D decays to non-CP eigenstates
We proceed to consider the case that both D Note that D 0 → K ± π ∓ and their CP -conjugate processes take place only via the tree-level quark diagrams, on which no new physics can have significant effect [14, 23] . Thus the four transition amplitudes are factorized as follows:
where T a and T b denote the real (positive) hadronic matrix elements, δ a and δ b are the corresponding strong phases. Defining h Kπ ≡ T b /T a and δ Kπ ≡ δ b − δ a , we obtain
to a good degree of accuracy, where λ ≈ 0.22 is the Wolfenstein parameter. In the factorization approximation, the magnitude of h Kπ is expected to be of O(1). The strong phase shift δ Kπ vanishes only in the limit of SU(3) symmetry [31] . To fit the recent CLEO result for 
and (1) The CP -violating asymmetry
Explicitly, we get and that from the interplay of decay and mixing (proportional to sin(2φ)). 
), x D < 0.086 and δ Kπ ≥ 5 0 , one finds the restriction
(2) The combined decay rate
By use of eq. (5.5), we obtain To justify the possible magnitude of φ, however, one has to combine the measurements of A Kπ (t) and R Kπ (t).
Now we take a brief look at the time-independent decay rates of
With the help of eqs. (2.24) and (2.25), we obtain 10) i.e., A Kπ is approximately equal to the value of A Kπ (t) at t = 1/Γ. Similarly, one can calculate another CP -violating asymmetry:
Taking∆ D ≈ 0 and sin(2φ) ≈ ±1 for example, we find thatĀ Kπ may be significant: 
Some discussions about these results are in order.
(1) To an excellent degree of accuracy, we have
The joint decay rates R(l
, and the resultant rate difference or sum reads is expected to be measurable at a τ -charm factory running on the ψ(3.77)
resonance. As we shall show in the next subsection, r D can be extracted from the joint decay 
(2) It is easy to obtain the rate asymmetry
where A Kπ has been given in eq. (5.10). Normalizing the joint decay rates R(l ± andĀ Kπ :
This result could be tested if the data on all six measurables were available. Taking the semileptonic decay mode serving for flavor tagging to be
In addition, the current data give B(
± are at the level 10 −3 or so, while 
C. Ratios of R(K
It has been pointed out that the coherent decays (D
used to search for D 0 −D 0 mixing and to separate it from the DCSD effect [35] . The relevant measurables are
Since in previous calculations the effects of CP violation or nonvanishing δ Kπ on r ±∓ C were neglected, it is worth having a recalculation for these observables without special approximations.
By use of eqs. (2.26), (2.27) and (5.3) , we obtain
excellent degree of accuracy. As a consequence, the ratios r 
(5.24)
One can see that r Such a CP -violating signal might be detectable at a τ -charm factory running on the ψ(4.14)
resonance.
Although the above discussions concentrate only on 
are not so significant that all the strong phase shifts lie in the same quadrant as δ Kπ , then a sum over these modes is possible to increase the number of decay events in statistics, with few dilution effect on the signal of D 0 −D 0 mixing and CP violation.
On CP -forbidden decays
We now consider CP -forbidden transitions of the type
where the D 0D0 pair with definite CP parity can be coherently produced on the ψ(3.77) or ψ(4.14) resonance, f 1 and f 2 denote the CP eigenstates with the same or opposite CP parity.
It is worth remarking that for such decay modes the CP -violating signals can be established by detecting the joint decay rates other than the decay-rate asymmetries. In practice, this 
By use of the quantities U f , V f and W f defined in eq. (4.2), the joint decay rate R(f 1 , f 2 ) − can be written as
Here we assume f 1 and f 2 to be two CP eigenstates with the same CP parity. CP conservation
This result can be straightforwardly obtained from eq. In comparison with R(f, f ) − , the joint decay rate R(f, f ) + is not CP -forbidden:
Approximately, we obtain
This relation can in principle be tested for f = K + K − etc at the ψ(4.14) resonance in the second-round experiments of a τ -charm factory, if the rate of D 0 −D 0 mixing is at the detectable level.
In the neglect of CP violation in K 0 −K 0 mixing, the states K S π 0 and K L π 0 are two CP eigenstates with the opposite CP parity. Thus the process (D
should be CP -forbidden. As a good approximation, we have 22) ). Then the joint decay rate with C = + turns out to be
Using the approximate results in eq. (4.24) and taking |ǫ| ≈ 0, we obtain a simpler expression for the equation above:
where w has been defined in eq. (3.3) . In contrast, it is easy to check from eq. (6.3) that 
found that some constraints on x D and y D can be achieved in both fixed target and τ -charm factory experiments, and the mixing and DCSD effects are distinguishable from each other.
Taking CP violation and final-state interactions into account, we recalculated the joint decay 
where θ is in general complex. Note that CP T invariance requires cos θ = 0, while CP conservation requires both cos θ = 0 and p = q = 1 [40] . Taking θ = π/2, i.e., CP T symmetry, one can reproduce eq. (2.1) from eq. (B1). The proper-time evolution of an initially (t = 0) pure 
where g ± (t) have been given in eq. (2.6).
Starting from eq. (B2), one can calculate the CP asymmetry∆ D defined in eq. 
